Purpose: to evaluate the diagnostic accuracy of (18)F-FDG positron emission tomography/ computerized tomography (PET/CT) for the detection of peritoneal carcinomatosis (PC) of colorectal cancer (CRC). Methods: one hundred and forty six eligible patients referred for a PET/CT to evaluate CRC at a single institution were included consecutively and retrospectively. After joint training on 20 similar patient files, two nuclear physicians reviewed the PET/CT scans blindly and independently using a method specifically designed for PC detection. The gold standard was either histological results from surgical exploration for resected patients (n=65) or clinical follow up defined as the 3-month CT follow up supplemented by one year of clinical information and CT monitoring for non-resected patients (n=81). As secondary objectives we evaluated the interobserver reliability between the two PET/CT readings and the diagnostic accuracy of a contemporary ceCT (n=69) or CT component of the PET/CT (n=77) reviewed by an independent radiologist . The extent of PC according to a simplified Sugarbaker index (PCI) was examined for the operated subgroup, when PCI was available from the surgeon and PET/CT (n=12). Results: according to the gold standard, 35/146 patients had PC (including 19 of 65 patients with histological gold standard and 16 of 81 patients with clinical follow up gold standard). Sensitivity and specificity of PET/ CT were 88% and 96% respectively and positive and negative predictive values and accuracy, 88%, 96% and 94% respectively. For CT alone, the corresponding values were: 68%, 92%, 72%, 90% and 86%. The interobserver agreement for the detection of peritoneal carcinomatosis in PET/CT showed high agreement at 0.91 (Kappa). Median PCI was 3 [range: 1-13] when assessed by surgeons and 4 [range: 1-10] on PET/CT. Focal uptake was the most frequently observed sign on PET. Conclusions: PET/CT appears to be an accurate and reproducible test for PC diagnosis in colorectal cancer using an interpretation method specifically designed for PC detection. To confirm these results and to evaluate peritoneal carcinomatosis extension accurately, a prospective observational study using iodine contrast-enhanced PET/CT as a first imaging technique for pre-operative staging and potentially involving further independent reviewers remains to be undertaken.
Introduction
Treating a patient with colorectal metastatic disease requires checking three major targets of the cancer: the liver, the lung and the peritoneum. Liver metastases are the most treatable localisation and aggressive curative treatments including induction chemotherapy, two-stage procedures and intraoperative ablation are reported with promising results [1] even if the lesions are bilateral and numerous. Nevertheless, facing these complex situations, it is important to check other potential metastatic sites. If a very small and localised carcinomatosis can be resected in the same operative time or if there is only a limited number of small lung metastases (generally less than 3), the curative hepatic approach can be maintained.
Previously, when a colorectal cancer spread to the peritoneum, this was considered to be a terminal development with median survival around 5-12 months NobleResearch www.nobleresearch.org after systemic chemotherapy [2] . If the peritoneum is the main metastatic site, surgical treatment based on cytoreductive surgery possibly associated with intraperitoneal hyperthermic chemotherapy, can improve prognosis with survival now reaching up to 60 months [3] . Nevertheless, a surgical procedure can be proposed only if the Sugarbaker index of peritoneal spreading (PCI) does not exceed 20/39. By analogy, a small number of liver metastases is not a contra-indication to resect the peritoneum [4, 5] . Consequently, it is very important that the pre-therapeutical evaluation of the disease be as precise as possible to be discussed in a multidisciplinary team meeting as completely different strategies can be decided upon depending on the information acquired. PCs are generally identified via surgical exploration of the abdominal cavity and specific assessment of disease extension should be made to evaluate resectability [6] . However, making a diagnosis of PC in a noninvasive way remains a major issue. While Computed Tomodensitometry (CT) is currently the reference testing method [3] , fluorine-18 fluorodeoxyglucose (18F-FDG) Positron Emission Tomography (PET) appears to have an important role to play. Promising results highlight the use of 18F-FDG PET to evaluate PC extension pre-operatively [7, 8] although only a few reports have been published on the diagnostic performance of 18F-FDG PET/CT. Sensitivities reported have varied from unacceptably low (35%) to 100% [7] [8] [9] [10] [11] [12] [13] [14] .
The principal objective of this study was to evaluate the diagnostic performance of 18F-FDG PET/CT for the detection of a PC of colorectal origin using as gold standard the histological results for resected patients or one year of clinical monitoring for non-resected patients. Common review and interpretation criteria were used to interpret PET/CT images and identify indicative signs of PC. In addition, PET/CT diagnostic accuracy was compared with diagnostic accuracy of CT alone read by an experimented radiologist, interobserver agreement was examined and indicative signs indicative of PC were fully explored, also the extent of PC with a simplified score.
Materials and methods

Patients
All adult patients who received an 18F-FDG PET/CT scan during care for histologically diagnosed colorectal carcinoma at our institution over 2004-2007 were included consecutively and retrospectively in this series. Databases at our institution contained 250 PET/CT scans obtained between 2004 and 2007, corresponding to 160 patients. Fourteen patients were excluded because of a lack of follow up data. If a patient had received more than one PET/CT scan, only the first was examined for diagnostic accuracy. One hundred and forty six scans for 146 patients are thus maintained for analyses. The PET/CT scans were obtained in one of three settings: relapse suspicion (n=89), relapse examination (n=57) or pre-operatively for primary colorectal cancer (n=2). Institutional review board approval was obtained for this study. Informed patient consent was not required for these retrospective analyses.
Clinical patient characteristics
Median patient age was 63.5 years (min/max: 23-88 years) and 50.7% of patients were women. All patients had colorectal adenocarcinoma (126 non-mucinous, 20 mucinous) and no patients had appendiceal cancers. Tumour marker status was available for a subset of patients. Median CEA was 5.9 IU/L (range: 0.6-1650) (n=90) and median CA19.9 IU/L was 14 (range: 1-679.7) (n=61). In terms of previous treatments received which potentially could change the FDG uptake, 124 patients received chemotherapy before PET/CT with a median delay of 7 months (min/max: 1-148 months). One hundred and forty four patients had previously received abdominal surgery before inclusion in the PET/CT study with a median delay of 14.5 months (min/max: 1-160 months).
PET/CT procedure
After at least 6 h of fasting and capillary glycaemia measurement (less than 2.0 g/L) we injected 5 MBq/kg of 18F-FDG intravenously. Median uptake delay was 70 min (54-161 min). Whole-body PET/CT images were obtained on a PET scanner Discovery ST (General Electric Medical System, Milwaukee, USA) in 3D mode, without septa, producing 47 slices over an approximately 150 mm axial field of view and a 3 min time of acquisition per step from the base of the skull to the base of the thighs. The imaging acquisition parameters were in-plane and axial resolution of 3.91 and 3.27 mm FWHM, respectively, inplane field of view of 600 mm, 128 128 pixels matrix. An image matrix of 256256 pixels was used for iterative reconstruction (FORE+OSEM; subsets: 32; iterations: 5). CT transmission scans were acquired previously to the PET scanner for attenuation correction, without oral or intravenous contrast injection, with the constants of 140 kV/80 mAs and slices of 3.75 mm.
Gold standard
The gold standard was the histology results from surgical exploration for all resected patients 65/146 (44.5%). The surgery was carried out with a median delay of 2 months after PET/CT. For non-resected patients (n=81, 55.5%), the gold standard was the radiologist's diagnosis made from the first planned CT scan at three months, supplemented by information from one year of clinical and CT monitoring. The radiologist's diagnosis was based on morphological criteria (peritoneal nodal tissue, fat infiltration, epiploic thickening, and ascites) and was thus verified and confirmed against the clinical-radiological information identified in the patient's follow up files over one year, notably any shrinkage of peritoneal lesion under chemotherapy during follow up was considered as PC. Possible PC diagnoses made by the radiologist were discarded if no suspect events were observed clinically or by CT scanner after one year of follow up without systemic therapy.
PET/CT imaging review and interpretation criteria
Review of the PET/CT images in our series was performed independently by two nuclear physicians (ALC: 6 years of experience; EB: 4 years' experience) who were not aware of the histological results or of the radiologist's CT reading at three months. Each reviewer concluded with a judgment of presence or absence of PC. When the two readers did not agree, a consensus was established by a secondary joint reading. The consensus diagnosis was used for the statistical evaluation of PET/CT performance.
A preliminary joint study between the two readers on 20 PET/CT files selected from the colorectal PET scan obtained after study inclusion outside the scope of this study allowed the two readers to define common review and interpretation criteria. Examining the images was done systematically: first by visualising the maximum intensity projections MIP of the PET across 360 0 and by triangulating on each visible intra-abdominal uptake, then on each series of images (PET alone, then CT alone, then PET/CT together). Each image series was visualised in the three conventional orthogonal cross-sections. Sagittal plan was specially observed for pelvic area and to highlight a straight line sign. Coronal plane was used to explore the peri-hepatic area.
Signs indicating PC were
Scintigraphic signs: focal uptake [13] , diffuse peri-hepatic curvilinear uptake [11] , sub parietal (epiploic) uptake or the presence of a straight line sign [15, 16] ; and morphologic signs: peritoneal nodal tissue, fat infiltration, epiploic thickening, ascite [17] . The two reviewers looked for lesions across the whole of the peritoneal cavity with particular attention to the level of the left and right paracolic gutter, the peri-hepatic area, the pelvis and the omentum. A PC was diagnosed when evident morphologic anomalies were present, even when there were no scintigraphic anomalies or when evident scintigraphic anomalies were present even without morphologic anomalies on CT (for example, small-intestinal focal uptake).
Lymph node (well-differentiated nodule tissue close to vascular axes, mostly found in the ileocaecal region), post-operative inflammatory reactions (such as anterior peritoneal uptakes associated with linear longitudinal sub-cutaneous soft-tissue anomalies on aspect), nonhypermetabolic mesenteric panniculitis aspects, accessory spleens (well-limited peri-splenic nodular tissue) and colic or small-intestinal diffuse digestive uptake with no morphologic anomalies on fusion CT were not considered to be PCs. The two reviewers could conclude as "negative for PC", "probably negative", "probably positive", or "positive for PC".
Extent of PC
A simplified Sugarbaker index was calculated, keeping the area grading from 0 to 3 according to the size of the lesion (1 for a lesion < 5 mm, 3 for a lesion > 5 cm, and 2 for between 5 mm and 5 cm). The involved areas are the abdominal cavity area (right and left hypochondria, epigastrium, right and left flanks, para-ombilical, right and left iliac fossae and pelvis), reducing the small bowel to only one area instead of 4, which is more realistic for slice imagery.
Review of recent CT images for comparison study
Contemporary CT scans were reviewed blindly by a radiologist with digestive oncology experience to judge whether a PC was present or not. The CT images selected were radiologically-enhanced, ceCT (n=69) and obtained less than three months before the PET/CT. For patients for whom no recent CT scan was available, the CT component (non-enhanced) from PET/CT was reviewed by the radiologist (n=77). The radiologist's diagnosis was based on morphological criteria (peritoneal nodal tissue, fat infiltration, epiploic thickening, and ascites). The reviewer made one of four conclusions: "negative for PC", "probably negative", "probably positive", or "positive for PC".
Statistical considerations
For the statistical analyses, presence of PC was defined as "PC positive" or "probably PC" for each reader and PC absence was "negative for PC" and "probably negative". The diagnostic accuracy of the PC diagnosis by PET-CT was examined by the sensitivity and specificity, the positive (PPV) and negative predictive values (NPV), and the accuracy, which are described with their 95% confidence intervals (CI). Diagnostic accuracy of the two gold standard components are compared, as are diagnostic accuracy of CT enhanced vs. non-enhanced, and CT vs. PET/CT. The interobserver agreement for the PC diagnosis by PET/ CT was evaluated by the Kappa coefficient, ranging from 0 (no agreement) to 1 (perfect agreement). The study of signs consisted in a descriptive analysis.
Results
The overall rate of PC in our series was 24.0% (35/146). The incidence for patients with a histological gold standard was 19 of 65 patients (29.2%), and for patients with CT follow up gold standard: 16 of 81 (19.8%).
Diagnostic performances of PET/CT vs. gold standard in the detection of peritoneal carcinomatosis
The sensitivity of the PET/CT imaging for the detection of PC was 88.6% (95% CI 83. 4 
Diagnostic performance of CT vs. gold standard in the detection of peritoneal carcinomatosis
For comparison purposes, diagnostic accuracy of CT alone was calculated. Sixty-nine patients had a CT scan taken just before the PET/CT that was available for review with a maximum delay of 3 months and for the remaining 77 patients, the review was carried out on the CT of the PET/CT imaging. As demonstrated by the raw counts in Table 2 , the sensitivity of the CT imaging overall for the detection of PC was 68.6% (95% CI 61.1-76.1), the specificity 92.9% (95% CI 88.7-97.1), the PPV 72.7% (95% CI 65.5-79.9), the NPV 90.3% (95% CI 85.5-95.1) and the accuracy 86.3% (95% CI 80.7-91.9). There were no differences observed between diagnostic accuracy of CT with or without contrast enhancement: CT with enhancement (n=69): Sensitivity 64.3% 95% CI (35.1% -87.2%), specificity 90.9% (80.1% -97.0%), PPV 64.3% (35.1% -87.2%), NPV 90.9% (80.1% -97.0%) and accuracy 85.5% (75.0% -92.8%), compared to without enhancement (from PET/CT) (n=77): Sensitivity: 70%, 95%CI (45.7% -88.1%), specificity 93.0% (83.0% -98.1%), PPV 77.8% (52.4% -93.6%), NPV 89.8% (79.2% -96.2%) and accuracy 87.0% (77.4% ; 93.6%). 
Interobserver agreement on review of PET/CT images for the detection of peritoneal carcinomatosis
There was high agreement between reviewers in interpretation of the PET/CT images as shown in Table  3 . The Kappa coefficient for interobserver agreement was 0.91 (95%CI 0.83-80.99) with only 5 disagreements for 146 cases. In 4 of these cases, the disagreement involved the localization of a pathological uptake in the peritoneal topography (ileocaeco-appendicular adenopathy in two cases, nodes of the Treitz angle for one and hepatic dome metastasis for one). In the other case, reviewers disagreed on the pathological nature of the non-hypermetabolic densifications of fat tissue following a recurrence on a hepatectomy slice.
Examination of signs indicative of PC
As shown in Table 4 , focal uptake was observed for 33 patients (Figure 1 ), three of whom did not have a positive PC diagnosis. Five patients had PC without focal uptake. Among them, diffuse uptake was observed for two patients with a PC. Peri-hepatic curvilinear uptake was observed for four patients, three of whom had a PC (Figure 2 ). The straight line sign was observed for eight patients, seven of whom had a PC (Figure 3) . Epiploic uptake was observed for four patients, all of whom had a PC (Figure 4 ). In the mucinous cases, the CT component was very important to show the epiploic nodes with low uptake ( Figure 5 ).
Extent of PC
Among 65 operated patients, 19 had PC. The median PCI was 3 (range: 1-13) when assessed by surgeons (n=16) and 4 (range: 1-10) on PET/CT (n=12). The areas most frequently involved were areas 1 and 6 (in 40% of cases), followed by area 0 (37.1%), 5 (25.7%), 3 (22.8%) and 8 (22%). Finally areas 7 and 4 (17.1%), and 9 and 2 (14.3%) were the least commonly involved ( Figure 6 ).
Discussion
To our knowledge, this is the largest series to examine the identification of PC of CRC on a hybrid PET/CT camera, both in terms of patients (n=146) and PC (n=35). Previous series have included between 23 [12] and 107 [18] patients with 5 [12] to 40 [14] PC, but not all PC were of colorectal origin, possibly associated with various FDG uptake. The PET/CT method for CRC has been evaluated in larger series [19] [20] [21] [22] [23] [24] [25] but without a focus on PC. The prevalence of PC in our centre which is a regional reference centre for relapse cancer was 24% (35/146 patients). This rate is higher than those reported in the general colorectal cancer population [26] , but of course lower than in series where suspicion of PC was an inclusion criterion [7] [8] [9] .
The main finding is the high rate performance of PET/CT for PC detection with sensitivity of 88% and specificity of 96%. These data are similar [9, 12, 14, 18] or higher than in previous studies [7, 10, 11] , irrespective of PET/CT hybrid camera use. To compare the performance of PET/ CT to CT, an independent radiologist reviewed either the contemporary ceCT or the CT from the PET/CT (77/146).
We judged this to be appropriate as the majority of anomalies we were looking for are found in abdominal fat, where a spontaneous contrast exists on CT images. However, identifying some PC lesions is facilitated by the injection of a vascular contrast product and the realisation of thin slices. In this study, diagnostic accuracy measures were not different according to type of CT used, with a lower rate of false positive in the non-enhanced CT from the PET/CT.
As in several published series, PET/CT demonstrated better diagnostic performance than the radiological CT [9, 11-14, 25, 27] , but this is in contrast to as reported by Dromain et al. [7] who examined PC from various primary tumours (only 60% colorectal cancer) and Lim et al. [10] who examined gastric tumours well known for lower FDG uptake. Further, methodological details were not given in either series for the review of the PET/CT images. A special reading of the CT component of PET/CT highlights the finding of small deposits and/or lesions with low uptake near the background.
The high inter observer agreement Kappa coefficient of 0.91 is higher than in another series where it has been reported at 0.46 [10] . This could be explained by the use of PET only in the other study, where reading is ambiguous due to lack of anatomical localisation, especially to separate physiological from neoplasic uptake (for example focal uptake in the ureter) or to localize neoplasic uptake either in the peritoneum or the retroperitoneum area. The second explanation is that we used preliminary training involving joint review of 20 patient files, which enabled us to define the different review stages and interpretation criteria. An independent review by a third of fourth nuclear physician would probably give a more realistic estimation. Four out of the five disagreements between observers were regarding whether the pathological uptake was peritoneal or not. The injection of an iodine contrast in the future would most definitely allow better identification of these cases.
As an exploratory analysis, we investigated the PC indices, but this was only available for 12/19 patients with PC (of 65 with gold histological standard), and some discordances between PCI as indicated by the surgeon compared to on PET/CT were observed. Notably it seems that we may have overestimated the PC extent, once we discovered one sign.
In terms of signs, focal uptake was observed to be the principal indicator of PC, found in 86% of PC cases. It should be noted that the 3 false positives for focal uptake corresponded to extra-peritoneal metastatic colorectal disease. Uptake significance was established visually and the focal uptake could be accompanied by underlying CT anomalies or not. A small-intestinal uptake, intense and well-differentiated could indicate a PC lesion even when no CT anomalies were visible (Figure 1 ). Our results highlight the focal and well-limited nature of the uptake in comparison to more poorly limited and more diffuse uptakes, which are compatible with physiological intestinal uptakes. Curvilinear peri-hepatic uptake, the straight line sign and epiploic uptake were relatively rare, but were good indicators of PC when present. The systematic searching for these signs was important, as they enabled us to diagnose PCs for 3 patients who had no focal uptake. The straight line sign was difficult to discern in slim patients with limited amounts of abdominal fat. This sign allows us to identify objectively a moderate and diffuse uptake of peritoneal fat by using retroperitoneal fat as a reference area. The presence of digestive structures especially on thin patient can imitate this sign which should only be sought between peritoneal and retroperitoneal fats. For these two signs, the 3D analyses in coronal and sagittal views remain important.
With regards to the mucinous histological subtype, we did not find any false negatives for the 20 patients who had a mucinous adenocarcinoma (9 of whom had a PC). However, a diagnosis was given on obvious CT anomalies without PET uptake ( Figure 5 ). This may reflect the same phenomenon as described in a meta-analysis of studies using non-hybrid cameras [28] , where sensitivity was lower than for mucinous adenocarcinomas.
The main difficulties encountered during review were to identify whether tumoral hypermetabolisms were of a peritoneal nature or not, particularly when they were situated at the pelvis, peri-hepatic or peri-colic levels or when they were close to nodal areas. The systematic utilisation of three series of images (PET only, CT only and PET/CT) enabled us to enhance review. The CT images from the PET/CT scans were not iodine contrast injected. The injection of the iodine product may have offered better identification, as demonstrated by Kitajima et al. [25] .
The technical acquisition parameters that potentially influenced PET performance were under control in our series, eg. capillary glycaemia, activity injected and (18)F-FDG uptake delay were compliant with the Good Practice Guidelines [29] . The delay between the last chemotherapy cycle or last surgery before the PET/CT were also very good, with a median delay respectively of 7 months (minimum one month) and 14.5 months.
Given the retrospective nature of our series, the review was performed blindly to avoid maximum of bias. This prevented potential problems based on patient knowledge during functional imaging examinations, such as the discovery of a recent surgery during patient interviews which can modify imaging interpretation. Accordingly, we designed interpretation criteria to counter for these possible false positives and these appear to have been correctly identified in our data. The aspect of uptake with longitudinal linear contact with the abdominal wall was planned during the training readings which prevented false positives.
One of the main limitations of this study is that we only provide information on the presence of PC and limited data on the extent of PC (n=12), which is essential for the surgeon to judge the complete resectability of the patient specifically the presence of extensive small bowel or mesentery involvement, segmental bowel obstructions, gross involvement of the hepato-gastric ligament, involvement of the liver hilus, presence of unresectable pelvic side wall involvement, obstruction of the ureters and involvement of the base of the urinary bladder.
Overall, the performances reported here should be compared to the performance of MRI with diffusion sequences [18, 30, 31] . However, in both the Satoh et al. [15] and Klumpp et al. [32] series, despite a heterogeneous population, PET/CT appears to be complementary to, or more accurate than, diffusion or DCE MRI [33] . Both techniques can underestimate the real extent of PC because of decreased sensitivity for lesions <1 cm in size. Recent publications have successfully studied the extent of the small bowel involvement with CT-enteroclysis in the pre-operative setting in patients with peritoneal carcinomatosis of different primary origins requiring a nasojejunal catheter with rapid enteral administration of 1.8-2 L of enteral contrast medium [34] . (18) F-FDG PET/CT appears to be an accurate and reproducible technique for the diagnosis of peritoneal carcinomatosis of colorectal origin when specific PET and CT imaging interpretation methods are used. To confirm these results and to evaluate peritoneal carcinomatosis extension accurately, a prospective observational study using iodine contrast-enhanced PET/CT as a first imaging technique for pre-operative staging and potentially involving further independent reviewers remains to be undertaken.
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